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Silicon carbide ceramics are widely used in personal body armour and protective solutions. However, during impact, an intense fragmentation develops in the ceramic tile due to high-strain-rate tensile loadings. In this work, microtomography equipment was used to analyse the fragmentation patterns of two silicon carbide grades subjected to edgeon impact (EOI) tests. The EOI experiments were conducted in two configurations. The so-called open configuration relies on the use of an ultra-highspeed camera to visualize the fragmentation process with an interframe time set to 1 µs. The so-called sarcophagus configuration consists in confining the target in a metallic casing to avoid any dispersion of fragments. The target is infiltrated after impact so the final damage pattern is entirely scanned using X-ray tomography and a microfocus source. Thereafter, a three-dimensional (3D) segmentation algorithm was tested and applied in order to separate fragments in 3D allowing a particle size distribution to be obtained. Significant differences between the two specimens of different SiC grades were noted. To explain such experimental results, numerical simulations were conducted considering the Denoual-ForquinHild anisotropic damage model. According to the
Introduction
Ceramics such as alumina, silicon carbide or boron carbide are widely used as the front plate of bilayered configurations for personal body armour and protective solutions of military vehicles against the impact of small to medium piercing calibres [1, 2] . The high hardness of ceramic materials favours projectile shattering and/or blunting. The ceramic is assembled with a ductile (metallic or composite) backing to absorb the kinetic energy of (projectile and ceramic) fragments and to ensure the structural integrity of the target. However, an intense fragmentation composed of dense and oriented microcracks occurs in the first layer (ceramic tile) due to high-strainrate tensile loading. This anisotropic damage results from spherical expansion of the incident compressive wave, release waves or spalling phenomena (crossing of release waves). It takes place in less than a few microseconds and precedes penetration of the projectile fragments. Therefore, the experimental and numerical investigation of dynamic fragmentation in ceramics subjected to impact loading remains a major issue.
Among the existing techniques, the edge-on impact (EOI) experimental method figures prominently. A metallic cylindrical projectile hits the edge of a rectangular tile whose thickness is generally smaller than the projectile diameter. The compressive strength of ceramics being about 10-20 times higher than their tensile strength, a large range of impact velocity can be considered to generate tensile damage at various loading rates without inducing any compressive damage near the impact point. In addition, contrary to a real 'normal impact' configuration for which the degradation is 'hidden' in the bulk of the material, the tensile damage can be observed by using ultra-high-speed imaging operating at recording frequencies about 1 Mfps (million frames per second). This testing method was first developed by the Ernst-Mach-Institut in Germany [3] and by the Centre Technique d'Arcueil in France [2, 4, 5] and more recently used to investigate the fragmentation process in ceramics under impact loading [6] [7] [8] . A metallic casing, the so-called sarcophagus configuration, surrounding the ceramic tile can be used to keep all the fragments in place. The fractured target is then infiltrated with a hyper-fluid resin under vacuum so the fracturing pattern can be observed post-mortem [2, 5, 8] .
A special configuration working with a 'dynamic confinement system' was developed to test geomaterials [9] . This confinement system ensures a plane strain compression loading near the impact point to prevent any compressive damage in the target. This type of experiment has been performed on ultra-high-strength concrete [10] , limestone [11] , microconcrete and common concrete [12, 13] and granite [14, 15] . Finally, it is concluded that all types of brittle material such as ceramics, rocks, concretes or glass tested in EOI experiments have been shown to give rise to a high density of oriented (micro-)cracks initiated from volume or surface defects. However, the amount of cracks and the distribution of fragment size remain uncertain, as fragmentation is quantified only from photographs of the surface. In this work, we introduce X-ray microtomography in order to obtain a full three-dimensional (3D) analysis.
During the last decade, X-ray microtomography has been causing a revolution in experimental mechanics by allowing high-resolution and non-destructive 3D access to microstructure. Furthermore, the evolution of microstructure can be assessed if it can be made to evolve quasistatically. Some recent examples from Laboratoire 3SR can be found in [16] . X-ray tomography has been used to quantify fractures in a number of different materials such as metals [17] , concrete [18] and rocks [19] , but to the authors' knowledge never on this kind of material subjected to impact tests.
To the best of our knowledge, the damage pattern of a ceramic target subjected to an EOI or normal impact loading has not been investigated yet. In this work, microtomography equipment available in Laboratoire 3SR has been employed to analyse the fragmentation patterns of two silicon carbide grades subjected to EOI tests conducted in sarcophagus configuration. The target was placed in an aluminium casing to avoid any dispersion of fragments during impact and then infiltrated after impact so the final damage pattern was observed in a post-mortem analysis (microtomography). The experiments and the post-mortem analysis conducted by means of microtomography scanning are detailed in the two first parts. Next, the Denoual-Forquin-Hild (DFH) anisotropic damage model is used to explain the obtained data in terms of crack density and distribution of fragments.
Edge-on impact experiments (a) Experimental method and tested ceramics
Edge-on impact experiments have been conducted with a cylindrical steel projectile 10 mm in diameter and 15 mm in length. The projectile of weight about 9.3 g is made of 15CDV6 steel of high tensile yield strength (1300 MPa). It is placed in a Teflon sabot to fit the internal diameter of the gas launcher tube (20 mm internal diameter). Owing to its low impedance compared with steel and to the 1 mm gap between the sabot and the projectile rear face, the sabot is assumed to have no influence on the fragmentation of the ceramic. Three light sources and photodiodes connected to an oscilloscope are used to measure the impact velocity, ranging from 170 to 180 m s −1 . This impact velocity, about 175 m s −1 , is set to generate an intense fragmentation in the target while at the same time avoiding any significant plastification or breakage of the projectile and any compressive damage of the ceramic. Indeed, when impacted by a steel projectile, the Hugoniot elastic limit of the ceramic can be reached at an impact velocity beyond 600 m s −1 .
In the 'open configuration' (figure 1a), an ultra-high-speed camera is used to visualize the fragmentation process in the ceramic tile. Both Kirana and Shimadzu HPV1 cameras were used with interframe time set to 1 Mfps. A laser interferometer pointed at the rear face of the sample provided the particle velocity profile used for triggering the camera. The sarcophagus consists of a metallic casing that surrounds the ceramic tile to keep all the fragments in place (figure 1b). In this configuration, a small gap (less than 0.1 mm) is imposed between the ceramic tile and the metallic casing to avoid any influence of the sarcophagus during the time of fragmentation.
Two SiC grades with different microstructures have thus been produced and tested. The first grade, called 'SPS-S', is produced by spark plasma sintering (SPS) in the solid state [20] . Silicon carbide powders are subjected to 2000°C for 5 min under a 40 MPa compaction pressure. The microstructure presents elongated grains, with sizes beyond 100 µm on the long axis, in a matrix of smaller and more equiaxed grains of around 10 µm. The theoretical density of the samples is 99%. The second grade, called 'SPS-L', is a liquid phase sintered silicon carbide produced by SPS at 2050°C for 15 min under a 40 MPa compaction pressure [20] . This grade presents a very fine microstructure with an average grain size about 500 nm surrounded by a secondary phase rich in Al and Y. X-ray diffraction and transmission electron microscopy analysis indicate that the secondary phase is amorphous. Theoretical density remains at 98.5%. Figure 2 shows the view of fragmentation pattern given by means of an ultrahigh-speed camera at T = 7 µs after impact. The damage pattern is composed of a large number of cracks mainly oriented along the radial direction (in the cylindrical frame centred on the impact point). Furthermore, several cracks are triggered on the rear edge and one may note a small number of spall cracks parallel to the rear edge. When comparing the crack pattern of both ceramics, it is clearly observed that a larger amount of cracks develops in SPS-S grade compared with SPS-L SiC ceramic. The results of two EOI experiments conducted in 'sarcophagus configuration' are presented in figure 3 after infiltration and polishing of the targets. Again, numerous cracks radially oriented are easily observed. In addition, cracks triggered from the impacted edge and from the rear edge can be distinguished. A small number of spall cracks parallel to the rear edge are also noted. As illustrated on the pictures from the ultra-high-speed camera (figure 2), a higher density of cracks resulting in smaller fragments develops in SPS-S grade compared with SPS-L SiC ceramic. The distribution of fragments is analysed in the next part by means of X-ray microtomography scanning of the samples. The DFH anisotropic damage model is introduced in the last part to explain the observed differences in terms of failure pattern and crack density between the two SiC targets.
Microtomography analysis of the fragmentation
The infiltrated targets are scanned using the X-ray microtomography machine in Laboratoire 3SR. In this set-up, there is a fixed source-detector distance of 767 mm. The microfocus X-ray beam generates a polychromatic cone beam (generated with a 150 kV and 200 µA electron beam against a tungsten target) which is detected by a flat panel detector with 1536 × 1920 pixels each measuring 0.127 × 0.127 mm. This divergent beam geometry means that geometrical zoom of an object can be obtained by translating it towards the source, although this is traded off against the field of view.
To obtain a 3D image, radiographs of a number of different angles need to be obtained. To this end, the sample is placed on a rotation stage allowing unlimited rotation around a vertical axis. Here 1440 angles spread equally over 360°are used. At each angle, eight radiographs acquired at six frames per second are averaged together to reduce noise. A small dithering motion (to avoid ring artefacts) is applied to the detector between different angles. The geometrical zoom (i.e. the distance of our impacted target to the source) is maximized while keeping the impacted target always in the field of view-this yields a pixel size of 40 µm px −1 . Figure 4 shows nine images from the 1440 acquired on the SPS-S specimen. A 3D image is reconstructed from the acquired radiographs with knowledge of the geometry of the system. As the source is polychromatic, and low-energy X-rays are disproportionately absorbed by the material, these are filtered from the beam with a 0.4 mm brass filter on the source, in order to limit 'beam hardening' artefacts in the reconstruction. A single, central, vertical section from the resulting 3D reconstructions of the scans of SPS-S and SPS-L specimens are shown in figures 5 and 6, respectively. On these slices (which show the X-ray attenuation on a 40 µm thick slice), the crack patterns are clearly visible. Despite the efforts made to prevent beam hardening, the density of the material, combined with the far-fromcylindrical shape, result in a non-uniform grey level in the intact matrix-the grey level on the left and right edges of the target is (non-physically) higher than the inside. In this particular monophase and uniform material, it is relatively straightforward to apply a spatial normalization to mitigate this artefact. In any case, a preliminary visual inspection qualitatively shows significant differences between the two specimens of different SiC grades, most notably in the crack density and fragment size distribution.
In what follows, an attempt will be made to quantify the size distribution of the fragments from 3D image analysis on each one of these volumes. To achieve this aim, individual fragments need to be uniquely identified and then digitally measured. In this work, cracks in the matrix will be first identified, and subsequently used as a basis for the identification of the free fragments. Studying the two vertical slices presented in figures 5 and 6, it can be seen that on the left and right sides in both impacted targets, several fractures are very clearly opened. The greyscale value inside the crack is essentially the same as the background (the value of the resin), showing that the crack opening is clearly greater than 40 µm. However, elsewhere in both specimens, crack openings are much smaller than 40 µm ('hairline' cracks at this scale) so the traces on the grey levels are faint. Rather than implementing subpixel techniques for crack detection in the style of Ketcham [21] which need a notion of crack direction, we prefer to detect cracks from a local measurement of gradient. This is obtained with a classical, 3D Sobel operator (gradient filter typically used for edge detection), yielding the image (b) in table 1, which is then filtered for noise with a simple 3D median filter of radius 3 px (table 1c) . Simply thresholding this map yields a good identification of cracks open less than or equal to 1 px; however, only the edges of cracks open more than one pixel are identified-giving 'train tracks' on either side of the crack. The 3D image in table 1c is thresholded to select the cracks, and to fill the cracks, image (a) is thresholded with a low threshold value, and is added, resulting in table 1d-a binary image of solids and holes. Owing to the edge detection, crack thickness is overestimated by two pixels in the case of large cracks.
The binary image is then separated into individual particles by calculating the Euclidean distance map (EDM) of the solid phase, whose maxima are used as seed points in a markersbased watershed (a standard function as implemented in Visilog 7.2) on the EDM. The result of this step is a map of unequivocally separated fragments, which can then be labelled (individually numbered) as shown in table 1e. A visual inspection of this image shows slight over-segmentation (spurious separation) of the largest fragments. To counteract this over-segmentation, labels that are visually judged to belong in reality to the same fragment are manually recorded and fed into a script that remerges the selected labels and relabels the volume (in order to have numerically contiguous labels), resulting in the image shown in table 1f. The analysis described above is applied to both scanned SPS-L and SPS-S samples, yielding the 3D rendered labelled images and crack networks in figure 7 .
Starting from the final labelled image, individual particles are analysed measuring, for example, their volume in voxels (which is translated into a physical volume knowing that one voxel represents a volume of 40 × 40 × 40 µm 3 ). To compare the results of this fragment identification to known results from physical sieving on similar specimens, individual fragment size is calculated. The morphological reproduction of the sieving process is complex, so in this case, we satisfy ourselves with the simplification that the sieve size of the particles is the same as the diameter of the sphere of equivalent volume of the fragment. The particle size distributions obtained from this analysis and those obtained from post-mortem sieves of the fragments of other tests on the same materials (SPS-L and SPS-S) [20] are shown in figure 8 . The results are encouragingly compatible and the trend towards smaller particles visible in SPS-S is clearly reproduced. In addition, a size distribution function is identified according to Weibull and Rosin-Rammler distribution model: y = 1 − exp(−(x/x 0 ) m ) . The corresponding values of m that describes the spread of the distribution are given in figure 8 .
Given this validation of the obtained results, a number of quantitative, full-3D analyses are planned, both on the fragments (e.g. fragment morphology) and on the fracture network (fracture opening, orientation, connectivity). The analysis presented herein is one step towards this goal, and a number of points can be improved. Most notably, some effort can be made on postprocessing a beam hardening correction, more advanced filtering methods (bilateral filtering would be particularly suitable), as well as a tailor-made edge detector giving correctly sized cracks. Furthermore, despite its success in separating the fragments seen above, the watershed method could be improved to take into account two physical realities: (i) the fact that some cracks can exist without splitting the material and (ii) the geometry of the specimen. As to the latter, the region-growing part of the watershed algorithm grows isotropically, whereas the limited 3D image processing steps on a central slice illustrated on specimen SPS-L.   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . thickness of the impacted target could be taken into account to help avoid a manual step of merging segments. The analysis presented above is performed on scans with a pixel size of 40 µm px −1 , which may limit the detectability of small fragments or hairline cracks. Work in progress has performed challenging local tomographies of a part of the specimen at higher resolution- figure 9 shows a very preliminary step in this direction, which will be a valuable verification of the quality of the results for the smaller particles. 
Modelling of the dynamic fragmentation process
To explain the obtained experimental results, numerical simulations have been conducted considering the DFH anisotropic damage model [5, 22] . Under high-strain-rate loading conditions, several cracks are initiated and propagate from existing defects, leading to multiple fragmentation. Indeed, at high enough loading rate, while the first cracks initiate from the weakest defects and propagate through the loaded volume, preventing the inception of other cracks in their vicinity, stress level continues to rise far from these 'obscuration zones'. The fragmentation process is akin to a 'sprint' between the increase of stress in the non-obscured part of the volume and a sudden drop of stress in the obscured zones. The interaction law between cracks already initiated and the critical defects of the material can be expressed through the concept of obscuration probability P o [5, 22] . In the case of multiple fragmentation, the obscuration probability P o reads
σ i being the local principal stress component, T the current time and Z o (T -t) the obscured zone at time T due to a propagating crack initiated at time t. If one assumes a constant crack speed and obscuration zone growing in a self-similar way with a diameter proportional to the size of the crack, the obscuration volume can be written as
where S is a shape parameter of the obscuration volume equal to 4π /3 when assuming spherical obscuration volumes in 3D (n = 3), k is a constant parameter and C is the one-dimensional wave speed. The density of critical flaws λ t is given in the form of a power law of the positive (tension) principal stress,
and the Weibull parameters m and λ 0 (S 0 ) −m are assumed identical to those identified from the quasi-static bending experiments. The probability of obscuration is defined for each eigendirection i and is expressed in differential form in order to be employed in a finite-element code using the following equation: The macroscopic stress components Σ i are related to the microscopic strain components ε i according to [5, 22 ] where E and ν are the Young's modulus and Poisson's ratio, respectively, of the undamaged material. By considering that the critical defects located in an obscured zone cannot be activated, the increment of crack density associated with each principal stress can be calculated from
Therefore, the crack density at any T calculated by integrating equation (4.6) is given as an output variable of the numerical simulation. A series of calculations were conducted with the Abaqus/Explicit finite-element code. The ceramic sample and the steel projectile are meshed with C3D8R elements (reduced integration). An elasto-plastic behaviour (yield strength 1350 MPa) is assumed for the steel projectile, whereas the DFH model is used to model the ceramic tile. The parameters considered in the DFH model are summarized in table 2. The initial velocity of the projectile is set to 170 m s −1 . According to the calculation, the equivalent plastic strain within the projectile does not exceed about 10% in the first 2 µs, which suggests that its plastic failure cannot have any influence on the fragmentation process of the ceramic. The field of final crack density (T = 7 µs) is given in figure 10 for each SiC ceramic and is compared with the post-mortem crack pattern obtained from X-ray microtomography. The numerical simulation enables one to explain the strong difference in crack density and damage pattern visualized in the fragmented targets. Indeed, due to its high Weibull modulus and lower average tensile strength, the SPS-S ceramic generates a larger amount of cracks and smaller fragments than the SPS-L grade.
Conclusion
Ceramics such as silicon carbides are widely used in protective solutions against the impact of small or medium calibres. However, during the impact of a hard projectile, a dynamic fragmentation process composed of numerous oriented cracks spreads out over the ceramic target. Therefore, better understanding and modelling of the dynamic fragmentation process in ceramics constitute a major goal. In this work, two SiC ceramics have been produced by SPS-S or SPS-L, resulting in different microstructures. The ceramic tiles have been subjected to EOI tests in 'open configuration' and in 'sarcophagus configuration', in order to characterize the dynamic fragmentation process and to analyse the damage pattern of the fragmented ceramics after impact without any loss of fragments. Pictures from a ultra-high-speed camera and post-mortem damage patterns of impacted ceramics show a complex failure pattern composed of a large amount of radial cracks in addition to cracks initiated on the rear edge, on the impacted edge or orthogonally to radial cracks. However, one can note that the two different microstructures of SiC ceramics exhibited very different crack densities after impact. The fracturing post-mortem pattern was investigated through X-ray microtomography analysis with specifically designed image analysis tools to detect fractures and fragments. The comparison of the distribution of fragment sizes between SPS-S and SPS-L specimens is coherent, as well as the comparison of each to reference sieving curves. Given this preliminary step of validation, a number of other 3D measurements can now be performed to enrich the analysis of these tests.
Finally, a numerical simulation was conducted considering each SiC grade with the finiteelement code Abaqus in explicit mode. The Weibull parameters deduced from quasi-static bending tests are used as input data. The DFH model is used to calculate the damage and crack density generated in the impacted targets. The modelling is able to explain the difference in crack density and size of fragments in the tested ceramics. Indeed, the higher Weibull modulus and the lower mean activation stress of SPS-S ceramics lead to a larger crack density than in SPS-L ceramic. Finally, the X-ray tomography analyses used in relation to the DFH model implemented in the numerical code can provide a new insight into the fragmentation process in brittle materials subjected to impact loadings. A quantitative comparison between the crack patterns deduced from X-ray microtomography and the crack density predictions of the DFH model constitutes a main prospect of this work.
